ABSTRACT
INTRODUCTION
Soil moisture is recognized as an important component of the water, energy, and carbon cycles at the interface between the Earth's surface and atmosphere. Current baseline soil moisture retrieval algorithms for microwave space missions have been developed and validated historically only over grasslands, agricultural crops, and generally light to moderate vegetation. While tree areas are expected to have a large effect on masking the microwave response to the underlying soil moisture, our understanding of the microwave properties of trees of various sizes and their impact on soil moisture retrieval algorithms at L band is presently limited. In addition, the coarse spatial resolution of the L band radiometers on upcoming space missions such as ESA's SMOS (2009) and NASA's Aquarius (2010) and SMAP (2013) will likely result in a number of pixels which are at least partially tree-covered, requiring an improved understanding of the microwave response to soil moisture through tree canopies in order to retrieve soil moisture at desired accuracies over a wide variety of heterogeneous land cover conditions.
To address this issue, a number of studies are being conducted by researchers in the microwave soil moisture community in Europe, the United States, and elsewhere over a variety of tree stands of different types and sizes using a range of modeling approaches [1, 2] . This paper will discuss one such study which is using a ground-based active/passive L band instrument system named ComRAD to acquire a coordinated series of microwave measurements and associated ground truth data over small stands of deciduous trees. Measurements will be extended to coniferous trees in the subsequent year of the planned three-year field effort.
MICROWAVE EMISSION BASIS
Most microwave soil moisture retrieval algorithms developed for use at low microwave frequencies such as L band or 1.4 GHz have been based on a simplified zero-order radiative transfer approach where scattering is ignored and vegetation canopies are generally treated as a bulk attenuating layer [3] [4] [5] :
Here T B is the brightness temperature observed above the vegetation, R s is the microwave reflectivity (from which soil moisture can be inverted using Fresnel equations and soilmoisture dielectric relationships), T v and T s are the physical temperatures of the vegetation and soil, is the vegetation transmissivity which is parameterized as = exp (-sec ) where is the vegetation opacity or optical thickness and is the incidence angle, and is the single scattering albedo.
Given that this approach (sometimes referred to as theor tau-omega model in the microwave soil moisture community) has been developed and validated over grasses and agricultural crops, its applicability to areas with a significant tree fraction is unknown, especially with respect to specific tree types, anisotropic canopy structure, presence of leaves and/or understory, etc. [6, 7] . In addition, the opacity is often parameterized as the product of a vegetation-type dependent b factor and the vegetation water content.
The seasonal magnitude and angular and polarization dependence of (or b) and parameters for tree canopies needs to be determined. Also, the assumption that scattering at L band can be ignored for trees, which have large scatterers, needs to be examined [8] . One possible approach on how to modify the -model to more accurately account for tree canopy scattering involves using the transport equations and a series expansion in albedo where just the zeroth and first order terms in the albedo are retained. Using this formulation, the following expression for the brightness temperature from vegetation-covered ground is obtained:
The parameter represents the emission from the ground that is single scattered from tree trunks, branches, and leaves/needles. In the above parameterization of the first order scattering by , only the dominant scattering mechanisms have been considered, namely, the emission from the ground which is scattered by the canopy directly into the radiometer. Results from the planned 3-year field campaign over small deciduous and coniferous trees will be used to assess the accuracy of soil moisture retrievals through trees using both the original and modified tauomega models.
COMRAD INSTRUMENT SYSTEM
The microwave instrument system used in this study is an outgrowth of a network analyzer-based L, C, and X band polarimetric radar system developed jointly by NASA/GSFC and George Washington University. The system is mounted on a 19-m hydraulic boom truck ( Fig. 1 ) and has provided reliable calibrated radar data in soil moisture field campaigns across the United States since the early 1990s. The truck system has been upgraded with the addition of a dual-polarized 1.4 GHz total power radiometer and is called ComRAD for Combined Radar/Radiometer. A novel broadband stacked-patch dual polarized feed resonates at both the 1.4 GHz radiometer and 1.25 GHz radar frequencies, enabling both the L band radar and radiometer to share the same 1.22-m parabolic dish antenna [9] . Having the radar and radiometer utilize the same antenna with the same 12° field of view greatly simplifies the development of active/passive microwave retrieval algorithms. External calibration of the radiometer is achieved using cold sky and ambient microwave absorber targets during each measurement run, while radar calibration is achieved using known microwave reflectors (flat disks and dihedral) at the beginning and end of each extended measurement series.
FIELD EXPERIMENT
Crown height was variable, on the order of 11-14 m, putting the top of the tree canopy at times only marginally in the far field of the ComRAD antenna, which acquired data at incidence angles of 15°, 25°, 35°, and 45°. Although soil texture at the site was a loamy sand, consisting of 80.3% sand and 6.8% clay, lack of topographic drainage resulted in generally wet soil conditions throughout 2007 (> 25%). This paper will concentrate on the radiometric results from adjacent Plots B and C. Plot C has a greater density of trees, with Plot C having 92 trees in a 784 m 2 area, while Plot B has 92 trees in a 1089 m 2 area. Under full canopy conditions 
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the tree canopy water content in Plot B was ~ 12-14 kg/m 2 .
Theta probes and handheld infrared thermometers provided soil moisture and soil temperature ground truth. Coincident with the active and passive microwave measurements, visible/infrared data were acquired at an effective nadir look angle using a small CropScan instrument mounted on the ComRAD instrument platform, and canopy LAI measurements were made several times during the season. The intent of the experiment was to acquire data during three times of the year (spring green-up (SG), full canopy biomass (FC), fall/winter leaf drop (LD)) in order to quantify the seasonal variation in the tree parameters relevant to the microwave response (Fig. 2) . Microwave radiometer data were obtained over the trees in Plots B and C on April 10, April 25, May 18, May 24, August 6, October 22, and November 16, 2007. During other times in the summer, ComRAD was deployed in separate experiments over agricultural crops.
MICROWAVE RESULTS
In order to better examine the impact of changes in the overlying tree canopy on the microwave response to soil moisture, three measurement days were selected in each season with very similar background soil moisture. Data from April 10 (spring green-up), August 6 (full canopy), and November 16 (fall leaf drop) are plotted in Fig. 3 for Plots B and C. Volumetric soil moisture for these three days ranged from 39 -42 % in Plot B and 39 -41 % in Plot C, meaning that any observed changes in emissivity were likely due to the seasonal canopy differences. Emissivity in Plot C was generally higher by 0.015 -0.023 than Plot B owing to the greater density of trees in Plot C. In terms of emissivity changes by season, full canopy August emissivity at horizontal polarization was~ 0.07 -0.09 higher for both plots than the spring green-up emissivity in April, with fall leaf drop conditions producing emissivities intermediate between the two.
A difficulty encountered in conducting field experiments of this type involving trees is how to acquire sufficiently accurate information about tree size (trunks, branches, leaves) and water content to permit proper interpretation of the measured microwave signals and to allow test and verification of modifications to the tau-omega models. To address this issue, a representative tree in Plot B outside the microwave footprint was cut down and destructively sampled. Detailed measurements of size/angle distributions of the tree constituents (trunk, branches, and leaves) were also made. These measurements were used following the procedures in [5, 10] in a vegetation model based on discrete scatter random media techniques and the distorted Born approximation to determine the vegetation attenuation and scattering values for the tree canopies. Additional detailed description of the attenuation and scattering values can be found in [11] . Estimated attenuation values for Plots B and C at 1.4 GHz were converted into microwave transmissivity for the 15° -45° incidence angles observed by ComRAD, based on the assumption of uniform extrapolation of tree geometry across the entire canopy. However, the canopies in Plots B and C were somewhat non-uniform, and the assumption of uniformity led to an overestimation of vegetation effects at higher incidence angles. Average transmissivities were used instead, with L band horizontal polarization transmissivity values for Plot B ranging from 0.626 at full canopy to 0.698 at leaf drop to 0.730 at spring green-up. Average transmissivities in Plot C were based on Plot B but lowered by 0.026, given the greater tree density in Plot C. Diffuse scattering albedos were estimated to range from 0.0034 -0.0045. The average transmissivity values and the scattering values for 15°-45° were used in the basic tau-omega model to retrieve soil moisture under the tree canopies. Overall RMSE in retrieved soil was surprisingly good, on the order of 3.3 %. However, the accuracy of retrieved soil moisture was much worse if the nominal Plot B tree geometry and water content information was extrapolated across angles and to other plots based on uniform density assumptions.
CONCLUSION
A three-year field project began in 2006 using the new ComRAD truck-mounted microwave instrument system to examine the accuracy of soil moisture retrieval through small tree stands. One goal of this project is to determine whether effective parameters for vegetation attenuation and scattering can be found for trees which would permit accurate soil moisture retrieval using the tau-omega model. Preliminary analysis based on detailed measurements of tree geometry and water content indicate that this might be feasible in an average sense, but errors quickly grow across angles and under non-uniform conditions. The need to modify the tau-omega model to better account for scattering from tree canopies at L band (new scattering term) is currently being assessed. 
